Pantoea agglomerans DSM3493 was isolated from green house soils collected from Chungchugnam-do province, Gongju-Gun area in South Korea and phosphate solubilization and organic acid production of the strain were assessed using three types of insoluble phosphate sources (Ca phosphate, Fe phosphate and Al phosphate) under three different pH conditions (7, 8 and 9). The highest Ca phosphate solubilization (651 µg mL -1 ) was recorded at pH 7 followed by pH 8 and 9 (428 and 424 µg mL -1 respectively). The solubilization rate was found to be 80.4, 98.1 and 88.7 µg mL -1 (for Fe phosphate containing medium) and 9.3, 12.1 and 29.8 µg mL -1 (for the Al phosphate containing medium) respectively at pH 7, 8 and 9. Though increasing pH of the medium caused reduction in the rate of solubilization of Ca phosphate, solubilization of Fe and Al phosphates enhanced with increasing pH. By contrast, the highest amount of organic acid was produced with Ca phosphate while the lowest was recorded with the presence of Al phosphate. Among the organic acids, gluconic acid production was found to be the highest, followed by oxalic acid and citric acid regardless the source of phosphate. Results can thus be concluded that the production of organic acids appears to play a significant role in the inorganic phosphate solubilization.
Introduction
Phosphorous (P), one of the major essential macronutrients required by plants, is found in soil as inorganic and organic forms both of which are used as source of fertilizers. However, the majority of applied phosphatic fertilizers are readily fixed in soil and become unavailable to plants. Inorganic phosphates in acidic soils are associated with iron (Fe) and aluminum (Al) compounds; whereas calcium (Ca) phosphates are predominant inorganic phosphate form in neutral or calcareous soils (Gyaneshwar et al., 2002) . Therefore, unfavorable pH along with high reactivity of aluminum and iron in soils decrease phosphorous availability as well as phosphatic fertilizer efficiency (Hao et al., 2002) .
There are some microorganisms reported to be involved in solubilizing insoluble phosphate complexes, and they are called as phosphate solubilizing microorganisms (PSMs). The mechanism of phosphate solubilization by PSMs is associated with acidification, chelation, exchange reactions and release of low molecular weight organic acids such as gluconic acids, oxalic acids, citric acids, succinic acids etc. (Chaiharn and Lumyong, 2009; Gulati et al., 2010) . However, the major microbiological means by which insoluble phosphate compounds are solubilized is through the production of organic acids, accompanied by acidification of the medium. Hydroxyl and carboxyl groups of these acids chelate the cations bound to phosphate, thereby converting it into soluble forms. However phosphate solubilization is a complex phenomenon, which depends on many factors such as nutritional, physiological and growth conditions of the medium. PSMs isolated from different soils have been used in evaluating their mineral phosphate solubilizing activity and organic acid production with various phosphate sources such as Ca phosphate, Fe phosphate and Al phosphates (Fankem et al., 2006) . However, information on the effect of pH for organic acid production under different phosphate sources is scanty. Therefore, the present study was conducted to assess the influence of different pH and phosphate solubilization by Pantoea agglomerans DSM3493 (Nautiyal, 1999) . The plates were incubated for 5 days at 30℃. The colonies with clear halos were considered to be phosphate solubilizing colonies. Predominant colonies were further purified by re-streaking on the fresh NBRIP agar plates at 30℃.
Strain identification
The partial sequencing of 16S rRNA for the bacterial strain was done with the help of DNA sequencing service, SOLGENT, Daejeon, South Korea. The online program BLAST was used in identifying the related sequences with known taxonomic information available at the databank of NCBI (http://www.ncbi.nlm.nih.gov/BLAST). A Phylogenetic tree ( Fig. 1 ) was constructed using CLUSTAL X program, which involved sequence alignment by neighbor joining method and maximum parsimony using the MEGA4 program. Grouping of sequences was based on confidence values obtained by bootstrap analysis of 1,000 replicates. Gaps were edited in the BioEdit program and evolutionary distances were calculated using Kimura two parameter model. Reference sequences were retrieved from GenBank under the accession numbers indicated in the trees.
Assay of inorganic phosphate solubilizing ability
Bacterial strain was grown in sterilized liquid NBRIP medium (20 mL) at 30℃ for 2 days with continuous shaking at 150 rpm. Bacterial suspension (1 × 10 8 CFU mL -1
) was then transferred into a 500 ml flask (n=3 per strain) containing sterilized liquid NBRIP medium (200 mL) and incubated for 7 days with continuous shaking at 30℃. Sterilized uninoculated medium served as a control. Aliquot (10 mL) of each culture and control was taken 2, 5 and 7 days after inoculation and centrifuged at 8000 rpm for 15 min. The clear supernatant was used in determining the amount of phosphorous released into the medium. The pH of the culture medium was also recorded with a glass electrode equipped pH meter. Phosphorus availability was determined using phospho-molybdate blue color method (Murphy and Riley, 1962) .
The Ca phosphate solubilization assay was performed using NBRIP medium which contained Ca 3 (PO 4 ) 2 while Al phosphate (NBRIP-AlP) and Fe phosphate (NBRIPFeP) solubilization was assayed by adding 4 g L -1
AlPO 4 or 6 g L -1 FePO 4 .2H 2 O instead of Ca 3 (PO 4 ) 2 in NBRIP medium. These amounts are equal to the amount of phosphorus in the standard NBRIP medium.
All the experiments were conducted under three different pH conditions (pH 7, 8 and 9) . In all cases, phosphate solubilization and pH of the culture medium were measured as described earlier.
Assay of organic acid production To determine the organic acid composition of the different cultures, aliquots from the above supernatants were analyzed using high-performance liquid chromatography (HPLC). A column Inertsil ODS 3V was used with a UV detector set to 210 nm at 40 . HPLC profiles of the culture filtrates were analyzed by comparison with the elution profiles of pure organic acids (gluconic acid, oxalic acid and citric acid) injected separately. Peaks were identified by retention times against a set of standards from known three organic acids.
Values are given as means ± SD for triplicate samples. All the data were analyzed by analysis of variance or by regression analysis. Differences were considered to be significant at the P ≤ 0.05 level.
Results and Discussion
According to 16S rRNA sequence analysis, the strain was identified as Pantoea agglomerans DSM3493. Phylogenetic tree (Fig. 1) shows the position of isolated phosphate solubilizing bacterial strain with respect to related species.
Periodic changes in the soluble phosphorus content, which has been released from calcium phosphate (NBRIP-CaP) in the NBRIP medium under different pH conditions, during 7 days of incubation, are presented in Fig. 2a . Production of gluconic acid, oxalic acid and citric acid from the strain is represented in Fig. 2b , 2c and 2d respectively. As depicted Fig. 2a , the highest phosphate solubilization was recorded at pH 7 (651 µg mL -1 ) followed pH 8 and 9 (428 and 424 µg mL -1 respectively). Though difference was not significant (P ≤ 0.05), phosphate solubilization decreased by 34.3% and 34.9% respectively at pH 8 and 9.
Organic acid production in the culture medium increased as incubation progressed, reaching to the maximum at day 5 (Fig. 2b, 2c and 2d ). As shown in Fig. 2b, 2c and 2d reduction in medium pH was parallel to the increase of organic acids. At the end of the incubation period, the pH of the medium was found to be 3.63, 4.14 and 4.21 respectively from the initial pH 7, 8 and 9 (data not shown). Therefore, the production of organic acids played a significant role in acidification of culture medium, which in fact has contributed positively to the solubilization of inorganic phosphate. Gluconic acid (9.01-8.05 mg mL -1 ) was the key organic acid produced by the Pantoea agglomerans followed by oxalic acid (12.24-9.13 µg mL ). However, remarkable decrease in the production of all three acids was observed with the increment of pH from 7 to 9.
Releasing pattern of soluble phosphorus into NBRIP medium, which contained Fe phosphate and Al phosphate (NBRIP-FeP and NBRIP-AlP) is shown in Fig. 3a and Fig. 4a ; whereas the production of gluconic acid, oxalic acid and citric acid by the strain is shown in Fig. 3b, 3c , 3d and Fig. 4b, 4c , 4d respectively for Fe phosphate and Al phosphate.
As shown in graphs, Fe phosphate and Al phosphate solubilizing ability of Pantoea agglomerans DSM3493 was lower than that of the Ca phosphate, which is in consistent with the findings of Son et al. (2006) ) solubilization by Pantoea agglomerans R-42. This may be due to the adaptive nature of the enzyme that is responsible for solubilizing Ca phosphate (Banik and Dey, 1982) . Panhwar et al. (2012) and Parasanna et al. (2011) have reported similar findings with isolated phosphate solubilizing microorganisms that solubilized Ca phosphate to a greater extent than rock phosphate, Al phosphate and Fe phosphate. Elaborating their findings, they have suggested that solubility of phosphorous might be associated with an activity of certain microbes in preferable phosphate sources or due to the activity of phosphatase enzyme. However, though solubilization of Fe phosphate and Al phosphate in the present study is comparatively lower than that of Ca phosphate, Pantoea agglomerans DSM3493 is shown to be capable of solubilizing hardly soluble Fe and Al phosphates to a certain extent (98.1 µg mL -1 and 29.8 µg mL -1 respectively for Fe phosphate and Al phosphate). Contrary to Ca phosphate solubilization, which recorded the highest phosphate solubilization at pH 7, the highest Fe phosphate and Al phosphate solubilization recorded at pH 8 and 9 respectively. After 7 days of the incubation, the pH values in the cultures reduced to 3.63, 4.14 and 4.21 from the initial pH 7, 8 and 9 respectively (data not shown). In all cases, insoluble phosphate solubilization was accompanied by a distinct pH decrease. However, no positive correlation was found between pH and phosphate solubilization in the presence of Fe phosphate and Al phosphate. This is in agreement with the results reported by Son et al. (2006) and Narsian and Patel (2000) , who too had not observed a correlation between pH and the amount of soluble phosphorus released with Fe phosphate and Al phosphate as sole phosphate source.
However, a few reports is available on effective soil microorganisms in solubilizing hardly soluble Fe or Al phosphates (Antoun, 2002; Barroso and Nahas, 2006) . Penicillum rugulosum was reported to be more efficient solubilizer for Al phosphate and Fe phosphate than hydroxyapatite (Reyes et al., 1999) . Fungal strain Fomitopsis sp. PS102 was also capable of solubilizing AlPO 4 , but was almost unable to solubilize hydroxyapatite (Kang et al., 2002) .
As shown in Fig. 3b, 3c , 3d and 4b, 4c, 4d, organic acids production was also found to be very low when Fe phosphate and Al phosphate used as a sole phosphate source. By contrast, the highest amount of organic acid production was found in the presence of Ca phosphate while the lowest recorded with the Al phosphate.
Among the organic acids, production of gluconic acid was found to be the highest, followed by oxalic acid and citric acid regardless the source of phosphate.
According to the results, organic acid production was greatly varied with the medium pH in the presence of Fe phosphate and Al phosphate. The highest amount of gluconic acid (2.19 mg L -1 ), oxalic acid (11.51 µg mL -1 ) and citric acid (50.67 µg mL -1 ) production was recorded at pH 8 followed by pH 9 in the presence Fe phosphate while the highest phosphate solubilization was recorded at pH 8 (98.1 µg mL -1 ) followed by pH 9 (88.7 µg mL ) production with Al phosphate was recorded at pH 9 followed by pH 8. Based on the results, a positive correlation could be observed between organic acid production and phosphate solubilization at different pH conditions. Therefore, it is apparent that the production of organic acids plays a significant role in inorganic phosphate solubilization.
Corresponding to these results, Fankem et al. (2006) reported that the type and concentration of organic acid relatively vary from strain to strain as well as appear to be independent from the source of phosphate. They also observed the highest amount of organic acid production with Ca phosphate and a little amount of organic acid production with Al phosphate.
Conclusion
Though the isolated strain Pantoea agglomerans DSM3493 solubilized Ca phosphate to a greater extent, its solubilizing ability of Al phosphate was very low. Ca phosphate solubilization decreased with increasing pH; whereas Fe and Al phosphate solubilization increased with increasing pH. A positive correlation was found between phosphate solubilization and organic acid production. Therefore, the production of organic acids was appeared to play a significant role in inorganic phosphate solubilization.
